Abstract. The epithelial-to-mesenchymal transition (EMT) is highly involved in the development of metastases. EMT transforms epithelial carcinoma cells into mesenchymal-like cells, characterized by increased cell migration and invasiveness. Transforming growth factor β (TGFβ) appears to be crucial in this process. Metformin and salinomycin have demonstrated an EMT inhibitory effect. The current experiments indicate that these substances specifically inhibit TGFβ-induced EMT in non-small cell lung cancer (NSCLC) cell lines. The NSCLC cell lines A549 and HCC4006 were stimulated with TGFβ for 48 h to induce EMT. Metformin or salinomycin was added simultaneously with TGFβ to inhibit TGFβ-induced EMT. Western blot analyses of E-cadherin and vimentin were performed to detect changes in EMT marker expression, and a wound healing assay was conducted to determine the potential effects on cell migration. The effects of the two drugs on cell viability were also investigated using MTS tetrazolium dye assays. The results revealed that cells undergoing EMT by application of TGFβ exhibited a downregulation of E-cadherin and an upregulation of vimentin protein expression on western blot analyses, and an increased capacity for cell migration. Simultaneous application of TGFβ and metformin specifically inhibited EMT and increased E-cadherin expression. At the higher dose tested, salinomycin also inhibited EMT, despite an increase in vimentin expression in the two cell lines. Furthermore, metformin and salinomycin, at the two concentrations tested, inhibited cell migration. These findings demonstrate that metformin and salinomycin are able to block EMT and inhibit EMT-induced cell migration. Thus, these two substances are novel EMT inhibiting drugs that have the potential to specifically control EMT and metastatic spread in NSCLC.
Introduction
The epithelial-to-mesenchymal transition (EMT) is a central molecular mechanism that is known to be involved in a wide range of physiological and pathophysiological processes. In cancer, EMT is crucial in the development of metastases (1) as it induces the transformation of carcinoma cells into mesenchymal cells. This process is accompanied by changes in cell morphology and structure, altered signaling pathways, and increased cell migration and invasiveness (2) .
EMT is associated with structural changes, which comprise downregulation of epithelial markers (such as E-cadherin) and upregulation of mesenchymal markers (such as vimentin, N-cadherin or smooth-muscle actin). Transcription factors, including Twist, Snail1 and Slug, are upregulated in parallel, reflecting the implementation of the epithelial-to-mesenchymal transition (3, 4) . Among the various signaling pathways involved in EMT and metastatic spread, the transforming growth factor β (TGFβ) pathway has been demonstrated to serve a key role (5) . It has been established that TGFβ activates mesenchymal transformation, and TGFβ has also been identified as a crucial cytokine involved in tumor-related features, such as cell invasion and intercellular communication within the cancer microenvironment. Among other effects, TGFβ activates the SMAD2/3 cascade, causing a subsequent upregulation of transcription factors that finally results in mesenchymal transformation (4, 6) . Due to its involvement in the complex tumor-stroma interaction, EMT may be a central target for novel anti-metastatic therapeutic approaches.
Recent studies have demonstrated that cancer cell growth is affected by the antidiabetic agent metformin (7) , which has been shown to reduce the risk of cancer in patients with diabetes type 2 (8) . A number of pathways may represent potential targets for the anticancer effects of metformin (9) . Recent investigation has indicated that metformin is able to inhibit EMT (10) . Additionally, in endometrial cancer cell lines, metformin is able to reduce the potential for cell migration (11) .
The impact of metformin and salinomycin on transforming growth factor β-induced epithelial-to-mesenchymal transition in non-small cell lung cancer cell lines
Salinomycin is a polyether ionophore that was originally used as an antibiotic to prevent infectious diseases in poultries (12) . Recently, cytotoxic effects of this drug on human neoplastic cells have been demonstrated in various types of cancer (13) (14) (15) (16) . These cytotoxic effects are partially caused by the killing of human cancer stem cells (13, 14) based on various molecular interactions, including the downregulation of the expression of oncogenes such as MYC and ERG (17) . In addition to its effect on stem cells, salinomycin inhibits cancer cell migration (17) .
The experimental approach used in the present study, using NSCLC cell lines, is based on the hypothesis that TGFβ is able to induce EMT in NSCLC cell lines, causing a phenotypical transformation of epithelial cancer cells into EMT-transformed mesenchymal-like cells, with a subsequent increase in migration ability. Furthermore, we hypothesized that the simultaneous treatment of NSCLC cells with TGFβ and metformin or salinomycin may inhibit EMT. Western blot analyses were performed to detect changes in epithelial and mesenchymal markers following treatment of NSCLC cell lines with TGFβ in combination with metformin or salinomycin. A cell migration assay was conducted to analyze the invasive capacity of transformed vs. non-transformed cells, and an MTS assay was performed to examine relevant sublethal doses of metformin and salinomycin for these experiments.
Materials and methods

Cell lines & reagents.
The A549 human NSCLC cell line (#ACC-107) was purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ; Braunschweig, Germany), and the HCC4006 human NSCLC cell line (#CRL-2871) was purchased from the American Type Culture Collection (ATCC-LGC; Wesel, Germany). The two cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) with low glucose (GE Healthcare Life Sciences, Vienna, Austria), supplemented with 10% fetal calf serum (FCS; Sigma-Aldrich, Munich, Germany) and 100 U/ml penicillin, 100 µg/ml streptomycin and 2 mM L-glutamine (PAA Laboratories; GE Healthcare Life Sciences). The cells were cultivated in cell culture flasks (Falcon ® ; Becton-Dickinson Austria GmbH, Schwechat, Austria) at 37˚C in an atmosphere of 5% CO 2 until the desired cell confluence for further experiments was reached.
TGFβ was obtained from R&D Systems (Vienna, Austria) and prepared according to the manufacturer's recommendation. Metformin and salinomycin were obtained from Sigma-Aldrich. The two drugs were dissolved in sterile water and stored at -20˚C until use as aliquots of 100 mM (metformin) and 1 mM (salinomycin).
EMT induction and inhibition. Cells were seeded at a density of 60% (A549) and 80% (HCC4006) per well to obtain equal cell densities after 48 h. Following incubation overnight, the cells were stimulated with TGFβ (10 ng/ml) in starving medium (1% FCS) and subsequently incubated for 48 h until protein extraction for western blot analyses. For scratch assays, TGFβ stimulation (10 ng/ml) for 48 h was performed subsequent to scratching.
To attempt to induce EMT inhibition, metformin at concentrations of 0.1 mM and 1 mM for A549 cells, and 1 mM and 10 mM for HCC4006 cells, and salinomycin at concentrations of 1 µM and 0.1 µM for both cell lines, were added alone or in combination with TGFβ for 48 h for western blot analyses and scratch assays.
Determination of metabolic activity. For growth inhibition studies, an MTS assay was used (CellTiter 96 ® AQueous Non-Radioactive Cell Proliferation Assay; Promega, Madison, WI, USA). Cells were seeded at a concentration of 5,000 cells/well in a 96-well microplate and incubated overnight at 37˚C and in an atmosphere of 5% CO 2 . Fresh medium and substances in the appropriate concentrations were added and incubated in the same conditions again for 48 h. Subsequently, 10 µl MTS substrate solution for each 100 µl culture medium per well was added. The microplates were incubated for 4 h at 37˚C and with 5% CO 2 , before optical density was measured at 490 nm with a microplate reader (Tecan Infinite ® M200 PRO; Tecan Group, Männerdorf, Switzerland). Untreated cells were used as the control, adding the same amount of drug-free solvent (distilled water) as in the highest drug concentration.
Protein extraction and western blot. For protein extraction, cells were cultivated in 12-well plates at densities of 50,000 cells/well (A549) and 70,000 cells/well (HCC4006) to obtain equal cell densities after 48 h. After cultivation with the substances as mentioned above, medium was removed from the culture plates. Cells were then rinsed three times with phosphate-buffered saline and incubated for 2 h on ice with 150 µl radioimmunoprecipitation assay buffer containing a protease inhibitor cocktail (working concentration, 1%; #P8340; Sigma-Aldrich). Lysate was centrifuged at 15,000 x g for 10 min at 4˚C. The total protein concentration was determined by using a Pierce™ bicinchoninic acid assay Kit (Thermo Fisher Scientific, Carlsbad, CA, USA) using bovine serum albumin as a standard. Proteins (30 µg) were electrophoretically separated and blotted according to standard procedures. Briefly, protein lysate (30 µl containing 30 µg of total protein) and 6 µl 6X Laemmli buffer (Bio-Rad Laboratories, Inc., Munich, Germany) were mixed and heated at 95˚C for 5 min. Proteins were separated using a 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis separation gel at 180 V for 1 h (running buffer consisted of 1.44% glycine, 0.3% Tris and 0.1% SDS). For western blot analysis, a nylon membrane (Amersham HybondTM-N+; GE Healthcare Life Sciences, Little Chalfont, UK) was used and proteins were transferred with transfer buffer (Novex Tris-Glycine; Invitrogen; Thermo Fisher Scientific) at 25 V for 90 min at 6˚C. Subsequent to blotting, membranes were washed with washing buffer (0.9% NaCl, 0.6% Tris, 0.1% Tween) and were then blocked for 1 h at room temperature with a blocking buffer (washing buffer containing 5% milk powder).
Membranes were incubated with primary antibodies in blocking buffer at 6˚C overnight. Subsequently, membranes were washed with washing buffer and incubated with the secondary antibody in blocking buffer at room temperature for 1 h. After final washing, membranes were treated with ECL Select western blotting detection reagent (GE Healthcare). Primary antibodies against human GAPDH (polyclonal rabbit; #G9545; Sigma-Aldrich), E-cadherin (monoclonal rabbit IgG; #3195) and vimentin (monoclonal rabbit IgG; #5741), a horseradish peroxidase (HRP)-linked goat anti-rabbit IgG secondary antibody (#7074) and a HRP-linked goat anti-biotin antibody (#7075) (all from Cell Signaling Technology, Cambridge, UK) were used. Primary antibodies were used at a concentration of 1:2,000, whilst secondary antibody and biotinylated protein ladder antibody were diluted 1:10,000. Blots were exposed and documented using the Molecular Imager Gel Doc XR Systems (Bio-Rad Laboratories, Inc., Boston, MA, USA). Unstimulated and untreated cells were used as the negative control, whereas TGFβ-stimulated and untreated cells were used as the positive control.
Scratch assay. The scratch assay was performed according to a modified version of the method described by Liang et al (18) . Cells were seeded in 12-well culture plates with low-glucose DMEM supplemented with 10% FCS and cultivated until subconfluence. Subsequently, cells were starved in standard low-glucose DMEM with reduced FCS (1%) for 24 h. On the following day, the cell monolayer was scraped with a 200 µl pipette tip held at an angle of 45˚. Culture plates were then washed twice with low-glucose DMEM containing 1% FCS, and 500 µl of this medium was then added per well.
Following this procedure, the first image of each well was captured. According to the current experimental approach, cells were treated with or without TGFβ, metformin and/or salinomycin in starving medium as described, and were incubated for 48 h. Following this incubation, the second images were taken from the exact same location as the first picture for each well.
The free area of the scratch of each picture was measured using ImageJ (v1.44; National Institutes of Health, Bethesda, MD, USA). The first and second images of each well were compared and the difference of the free area was calculated. Unstimulated and untreated cells were used as the negative control, whereas TGFβ-stimulated and untreated cells were used as the positive control.
Statistical analysis. For the dose-response curves and the quantitative analyses of the scratch assays, the mean value and the standard error of the mean are presented. The data were analyzed by the Mann-Whitney U test and P<0.05 was considered to indicate a statistically significant difference.
Results
Determination of drug concentration. The MTS assay was performed to determine the drug concentration of metformin and salinomycin for use in the western blot and migration analyses. Growth inhibition is expressed as the percentage of the absorbance values of the untreated control group. The two cell lines yielded a concentration-dependent dose-response curve. Two concentrations that produced >70% growth inhibition were selected for further experiments to guarantee the use of sublethal doses. For metformin, 0.1 mM and 1 mM concentrations were used for the A549 cell line (Fig. 1A) , and 1 and 10 mM were used for the HCC4006 cells (Fig. 1B) . For salinomycin, 0.1 µM and 1 µM were selected as the concentrations for further experiments for both cell lines (Fig. 1C and D) .
Expression of EMT markers. Western blot analyses were
performed to analyze the expression of EMT-specific proteins. E-cadherin expression represents an epithelial phenotype while vimentin was chosen as an indicator for a mesenchymal phenotype (3). Unstimulated cells with or without the higher dose of metformin or salinomycin treatment for 48 h were compared to TGFβ-stimulated cells that were simultaneously incubated with metformin or salinomycin for 48 h.
In untreated A549 cells, strong E-cadherin expression was detected, whereas vimentin was barely expressed. The application of 1 mM metformin or 1 µM salinomycin caused no modification in E-cadherin expression, while a slight downregulation of vimentin in salinomycin treated cells was observed ( Fig. 2A) .
In TGFβ-stimulated A549 cells, a downregulation of E-cadherin was detected. Stimulated cells that were treated with 1 mM metformin exhibited marked upregulation of E-cadherin expression, and slight vimentin upregulation compared with untreated TGFβ-stimulated cells (Fig. 2A) . Treatment of TGFβ-stimulated A549 cells with 0.1 mM metformin induced a slight upregulation of E-cadherin and vimentin. TGFβ-stimulated A549 cells treated with 1 µM salinomycin demonstrated an increase in E-cadherin expression compared with untreated TGFβ-stimulated cells. In addition, the expression of vimentin was also upregulated. The addition of 0.1 µM salinomycin led to a marginal increase in E-cadherin and vimentin expression in comparison to untreated TGFβ-stimulated A549 cells (Fig. 2A) .
Untreated and unstimulated HCC4006 cells exhibited strong expression of E-cadherin, while vimentin was weakly expressed. Treatment with 10 mM metformin caused no distinct alteration of the expression of E-cadherin and vimentin. The application of 1 µM salinomycin decreased the E-cadherin expression, but marginally enhanced vimentin expression (Fig. 2B) .
Stimulation of HCC4006 cells with TGFβ resulted in an upregulation of vimentin; however, no difference in E-cadherin expression in comparison to untreated cells was observed (Fig. 2B) . Treatment of TGFβ-stimulated cells with 10 mM metformin had no effect on E-cadherin expression, but caused a downregulation of vimentin compared to untreated TGFβ-stimulated cells. Application of 1 mM metformin led to a marginal upregulation of vimentin in comparison to untreated TGFβ-stimulated cells (Fig. 2B) . Treatment of TGFβ-stimulated HCC4006 cells with 1 µM salinomycin resulted in an enhancement of vimentin expression and an unaffected E-cadherin status. Application of 0.1 µM salinomycin caused TGFβ-stimulated cells to downregulate their vimentin expression to the level of untreated cells (Fig. 2B) .
Inhibition of EMT mediated cell migration.
Scratch assays were performed to analyze the functional effects of EMT and its possible inhibition. Untreated and unstimulated (control) A549 cells barely migrated into the unoccupied area of the scratch. Unstimulated cells treated with 1 µM salinomycin demonstrated a similar migration rate to the control (P=0.786), whereas treatment with 1 mM metformin resulted in a slight but significant (P=0.036) inhibition of migration (Figs. 3 and 4A) .
In contrast to unstimulated cells, TGFβ-stimulated A549 cells exhibited a high migration rate and the scratch area was significantly reduced to 53% of the control group (P= 0.004; Figs. 3 and 4A) . TGFβ-stimulated cells that were treated simultaneously with metformin had a strongly reduced migration rate compared with untreated TGFβ-stimulated cells. Treatment with 1 mM metformin induced complete inhibition of migration (P=0.024), whilst 0.1 mM metformin led to a slight but non-significant reduction (P= 0.905; Fig. 4A ). Treatment with the two concentrations of salinomycin, 1 and 0.1 µM, also resulted in a non-significant reduction of migration compared with untreated TGFβ-stimulated cells (1 µM, P=0.381; 0.1 µM, P=0.167; Figs. 3 and 4A) . In A549 cells treated with 1 µM salinomycin, 95% of the scratched area, relative to the control group, remained free of cells, whilst 0.1 µM salinomycin resulted in a free area of 81%.
Untreated and unstimulated HCC4006 cells exhibited slight migratory activity (Fig. 4B) . However, treatment of unstimulated cells with 10 mM metformin induced a nearly complete inhibition of migration (P=0.048), with an increase of the free area to 182% of the control (Fig. 4B) . When unstimulated HCC4006 cells were treated with 1 µM salinomycin, 54% of the scratched area remained free relative to the control group (P=0.167; Fig. 4B ).
Migration increased significantly under TGFβ stimulation (P=0.004), with the scratched area free from migrated cells decreasing to 16% of the control area (Fig. 4B) . HCC4006 cells that were simultaneously treated with TGFβ and 10 mM Figure 2 . EMT marker expression. Analysis of EMT inhibition in (A) A549 and (B) HCC4006 cells by western blotting. Cells were treated for 48 h with TGFβ (10 ng/ml) alone, or TGFβ (10 ng/ml) plus metformin or salinomycin in two different concentrations. Protein expression in the two cell lines was compared with completely untreated cells or cells treated with metformin or salinomycin only. E-cadherin expression was used as a marker of the epithelial phenotype, whilst the mesenchymal marker was vimentin. GAPDH was used as a loading control. EMT, epithelial-to-mesenchymal transition; TGFβ, transforming growth factor β.
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metformin exhibited a significant reduction in migration (Fig. 4B) , with the free area reaching 139% relative to the control group (P=0.036, compared to TGFβ stimulated cells).
The addition of 1 mM metformin to TGFβ-stimulated cells also caused a significant decrease in migration compared with untreated TGFβ-stimulated cells (P=0.036; Fig. 4B ). Addition 
Discussion
EMT is a crucial mechanism in the process of metastatic tumor spread. Invasiveness and migration in cancer cells are essential requirements for metastatic growth and may be modified by altering the cellular mechanisms that are regulated by EMT (19, 20) . The TGFβ-triggered signaling cascade reflects a critical pathway for EMT induction in a number of pathophysiological processes, including lung and myocardial fibrosis (21, 22) or cancer growth (23) . The crucial role of EMT has recently been identified to in the context of the mechanism of metastatic tumour spread (24) . Therefore, EMT pathways represent potential new targets for inhibition of tumor progression. As metformin and salinomycin have been previously demonstrated to inhibit EMT (10,16), these substances were selected for investigation in the current in vitro studies. Two different epithelial NSCLC cell lines, A549 and HCC4006, were used for the investigations. The results demonstrated that metformin is able to inhibit TGFβ-related EMT in A549 and HCC4006 cells, resulting in a persisting epithelial phenotype and reduced cell migration. Furthermore, these data provide evidence that metformin inhibits EMT when used at sublethal doses, suggesting that it inhibits cellular signalling pathways rather than killing EMT transformed cells.
Metformin also inhibits cell migration in differentiated epithelial cancer cells, as indicated by the decreased cell migration observed in non-EMT transformed cells following the application of metformin. The effect of metformin on non-EMT transformed cells is observed more distinctly in HCC4006 cells than in A549 cells. While recent publications provide evidence for the EMT-inhibitory potential of metformin (10, 25, 26) , the current data also demonstrate, for the first time, the metformin-dependent inhibition of cell migration in differentiated epithelial cancer cells.
In the current study, salinomycin was seen to inhibit the EMT-inducing effect of TGFβ when used at the lower dose, while the higher dose further enhanced the mesenchymal phenotype in HCC4006 cells. In A549 and HCC4006 cells, cell migration was decreased. Although evidence for EMT-inhibitory effects of salinomycin exists (16) , other literature also confirms the current data suggesting that escalating doses of salinomycin correlate with an upregulation of vimentin and downregulation of E-cadherin (27) . These findings may be explained by a possible non-correspondence between EMT and certain cell abilities, such as invasion, in these cell lines (27) . In EMT-transformed A549 cells treated with salinomycin, the present investigations of protein expression and migration revealed different results compared to those for HCC4006 cells. Although cell migration in A549 cells is more strongly inhibited by the higher dose of salinomycin, both vimentin and E-cadherin are upregulated. This divergent effect in the two cell lines may have two explanations. Firstly, salinomycin may inhibit cell migration and influence TGFβ-related EMT by interfering with different signalling pathways. Alternatively, established epithelial and mesenchymal markers like E-cadherin and vimentin may not be adequate to analyze the effects of salinomycin on EMT-transformed cells. Further studies must be performed to elucidate the exact mechanisms of salinomycin treatment on EMT.
In summary, the present study provides evidence that metformin and salinomycin have the potential to specifically block TGFβ-induced EMT in NSCLC and inhibit EMT-induced cell migration in NSCLC cell lines. To the best of our knowledge, these results highlight for the first time that these two substances are effective EMT-inhibiting agents in NSCLC. To what extent such strategies may be transferred to the clinic remains to be analyzed in further investigations.
